Zirconia (ZrO 2 ) thin films were prepared on Si (1 0 0) substrates by plasma-assisted cathodic arc deposition under different processing conditions. The structure and phase composition of the zirconia films were investigated by x-ray diffraction, x-ray photoelectron spectroscopy, and atomic force microscopy. Their properties, including the ability to induce the formation of apatite on the surface in a simulated body fluid, and dielectric characteristics were studied. The tetragonal phase predominates in the ZrO 2 film and its surface microstructures are strongly dependent on the processing conditions such as substrate temperature and bias applied during plasma-assisted deposition. The influence of the deposition parameters on the microstructures and properties of the ZrO 2 films was systematically investigated and our results indicate that the desired attributes and performance of the ZrO 2 films can be achieved by optimization of the plasma and deposition processing parameters. Our results provide further insight into producing films of the required quality using plasma-assisted cathodic arc deposition.
Introduction
Zirconium oxide (ZrO 2 ) or zirconia is an interesting material in fundamental studies as well as applications-oriented research on account of its remarkable properties such as good chemical and dimensional stability, high melting point, low thermal conductivity and high wear resistance. The materials have been widely used in the industry as thermal and chemical barrier coatings and buffer layers for hightemperature superconducting films [1] [2] [3] . Zirconia possesses high permittivity ε r of about 22 and good thermal stability with Si [4] and is a possible high-k gate dielectric in deep submicrometre metal-oxide-semiconductor field effect transistors (MOSFET). It has potential applications in optical 4 Author to whom any correspondence should be addressed. coatings due to its high refractive index and low absorption in a wide spectral range [5] . In addition, zirconia is an excellent biomaterial and has already been used in clinical applications such as the ball heads in total hip replacements. In fact, more than 600 000 zirconia femoral heads have been implanted in patients worldwide, mainly in the US and Europe [6] . One of the essential requirements for a good artificial orthopaedic material is good bonding with living bones via the formation of a biologically active bone-like apatite layer on its surface [7] [8] [9] . Zirconia, however, only shows morphological fixation with the surrounding tissues without producing any chemical or biological bonding. The poor bioactivity of zirconia surface results in longer healing time, fixation failure and sometimes undesired inflammatory responses. Therefore, it is important to explore methods that can be used to prepare bioactive zirconia surfaces [10] [11] [12] [13] [14] .
A number of techniques including chemical vapour deposition (CVD) [15] , sol-gel process [16] , radio frequency (RF) magnetron sputtering [17] and plasma deposition [18] have been employed to prepare zirconia coatings. Among these, plasma-assisted cathodic arc deposition is an attractive method for the production of high-quality films that are structurally uniform, dense and adherent to the substrate. The plasma environment can give rise to a wide range of subnanosized building units, which turn out to be a very efficient medium for synthesis and processing of advanced nanostructured films [19, 20] . In the work described here, a filtered cathodic arc was used to deposit zirconia films in oxygen plasma. Their microstructures and properties including bioactivity and dielectric characteristics were investigated. Attention was paid to the influence of the deposition temperature and substrate bias on the microstructures and properties of the films.
Experimental details
ZrO 2 thin films were deposited on n-type, 100 mm Si (1 0 0) wafers using a filtered cathodic arc system. The experimental apparatus consisted of a magnetic duct and cathodic arc plasma source [21] . A 99.9% pure Zr rod with a diameter of 1 cm served as the cathode and oxygen was bled into the arcing region. The arc discharge that was ignited for a pulse duration of about 300 µs at a repetition rate of 60 Hz was controlled by the main arc current between the cathode and the anode. A curved magnetic duct located between the plasma source and the main chamber removed macro-particles produced from the cathodic arc spots. The duct was biased to +20 V to build up a lateral electric field while the external solenoid coils wrapped around the duct produced the axial magnetic field with a magnitude of 100 G. Three substrate temperatures of 623, 723 and 823 K were monitored by a chromel-alumel thermocouple in this study. The target was located about 15 cm away from the specimens during the experiments. Before deposition, the samples were cleaned by argon plasma for 2 min using a sample bias of −500 V. During the fabrication of the ZrO 2 thin films, the substrate bias was zero and the sample stage was always grounded except during the dielectric measurements, in which four biases, 0, −100, −200 and −300, were used. The base pressure in the vacuum chamber was about 1 × 10 −5 Torr and the RF power of 100 W was applied for 120 min. The sample thickness varied from 60 to 150 nm.
The chemical states and surface morphology of the films were studied using x-ray photoelectron spectroscopy (XPS) with monochromatic Al K α radiation and atomic force microscopy (AFM) on the park scientific instrument (PSI) autoprobe research system. The microstructure of the thin films was characterized by Fourier transform infrared (FTIR) (Bio Rad FTS-185) and x-ray diffraction (XRD) equipped with Ni-filtered Cu Kα radiation (Japan-Ricoh diffractometer). The incident beam angle was fixed at 2
• during the XRD measurements.
In the bioactivity evaluation, the specimens were ultrasonically washed in acetone and rinsed in deionized water before incubating in simulated body fluids (SBF) with ion concentrations nearly equal to those of human blood plasma [22] . The samples were immersed in 50 ml SBF solution for 14 days at 37
• C without stirring. The structure and phase composition of the surface were analysed by cold field emission scanning electron microscopy (SEM), XRD and FTIR. The dielectric properties of the thin films were determined by an Agilent 4396B impedance analyzer.
Results and discussion

Composition and structure
XPS was used to determine the composition of the ZrO 2 thin films. Prior to the analyses, the sample surface was sputtered by 4 keV Ar ions for 1 min to remove surface contaminants. Changes in the structure and crystalline properties of the ZrO 2 films deposited at various temperatures were monitored by XRD and the results are presented in figure 2. For comparison, the XRD pattern of Si used as the substrate in this work is also shown. The main peak at 2θ = 28
• corresponds to the (1 1 1) lattice plane of n-type single-crystal silicon and the peak positions shift to higher angles depending on the deposition temperature. The peak shift may result from the stress formation in the Si crystals. During deposition, the plasma stream collides with the Si substrate creating defects in the Si surface. The higher the substrate temperature, the higher the number of defects and the easier the plasma stream can diffuse into the Si crystal. As a result, larger stress is formed in the Si crystal causing the shift in the x-ray diffraction peak. In addition to Si (1 1 1) peak, two weak diffraction peaks at 33.7
• and 35.1
• can be observed and they can be assigned to tetragonal ZrO 2 although there are deviations between the measured peak positions and those in JCPDS file no. 17-923. The deviations may be caused by stress formation in the thin films and/or the crystal deformation. It is well known that the tetragonal zirconia phase is metastable at room temperature in both bulk zirconia and zirconia thin films. The metastable tetragonal phase is stabilized by the crystallites size [25] and the phase transformation depends on the temperature. It is expected that the stress in the thin films results from the formation of the metastable phase. The XRD results indicate that all the ZrO 2 films have predominantly the tetragonal phase, and is consistent with the XPS results. However, the most intense peak (1 0 1) at 30.2
• of tetragonal ZrO 2 cannot be observed in our work. The possible reason is that the as-grown ZrO 2 thin films have a crystal orientation. It can be clearly observed from the XRD patterns that the crystallinity and/or the crystallite size in the ZrO 2 thin films can be altered by varying the substrate temperature. As shown in figure 2, the main peak (33.7
• ) weakens and its full width at half maximum (FWHM) broadens (inset plot in figure 2 ) with increasing temperature, suggesting that the ZrO 2 thin films prepared at higher substrate temperature are composed of superfine particles or have poor crystallinity. The effects of the substrate temperature on the surface morphology and roughness of the thin films are assessed by AFM. The AFM images of the deposited ZrO 2 thin films in figure 3 show smooth, homogeneous, continuous and dense granular microstructures. The root mean square (RMS) surface roughness values over an area of 2 × 2 µm 2 are 0.81 nm (823 K) and 0.22 nm (623 K). Denser buds and shallower pits are observed on the higher temperature sample ( figure 3(b) ). It indicates that the surface morphology and roughness of the deposited ZrO 2 thin films depend on the deposition temperature.
Bioactivity
The bioactivity of the ZrO 2 films is assessed by SBF immersion tests [22] . The samples after incubation in SBF for 14 days are analysed by transmission-mode FTIR to determine the composition of the newly formed layers. Figures 4(a) and (b) exhibit the FTIR spectra of the ZrO 2 films before and after the immersion in SBF. Both the ZrO 2 film and the transition layer between the ZrO 2 film and the silicon substrate can be clearly detected ( figure 4(a) ). Figure 4(b) shows the existence of carbonate-containing hydroxyapatite (i.e. bone-like apatite) on the ZrO 2 film deposited at a higher substrate temperature. The sharp P-O bending mode doublet around 600 cm −1 is the characteristic band of crystalline hydroxyapatite [26] . The broad band around 1090 cm −1 is associated with phosphate and both HPO 2− 4 and carbonate contribute to the absorption band at 880 cm −1 [26] . The band centred at 1420 cm −1 arises from carbonate absorption [27] . The FTIR data demonstrate that the formation of apatite and bioactivity are enhanced on the ZrO 2 film deposited at a higher substrate temperature.
To further investigate apatite growth, figure 5 shows the XRD results acquired from the ZrO 2 thin films soaked in SBF • and 32.2
• can be discerned in spite of the weak signals. These peaks have been reported in the previous literature [28] to be produced by crystalline apatite. A slight peak shift is observed here and it can be attributed to the influence of the various substrates. The low intensity and broad peak indicate that the amount of as-grown crystalline apatite on the ZrO 2 thin film is small and the crystallinity is low after the samples are soaked in SBF for 14 days. With increasing substrate temperature, the peaks become more intense and sharper. On the other hand, the peaks of tetragonal ZrO 2 weaken indicating that the films deposited at higher temperatures are covered by more apatite. Our results illustrate that apatite crystallization is a strong function of the thermal processing history. This phenomenon is further confirmed by our SEM observation. Figure 6 shows the SEM plan views of the ZrO 2 thin films after soaking in SBF for 14 days. A number of single and clustered ball-like particles can be found on the surface on the 823 K sample ( figure 6(b) ). The higher magnification micrograph (figure 6(c)) indicates that the ball-like particles are composed of many needle-like crystallites and that they are porous. In contrast, only a few scattered particles can be detected on the surface of ZrO 2 thin film prepared at 623 K. The effects of the substrate temperature on the surface bioactivity of ZrO 2 are unequivocally demonstrated.
The improved surface bioactivity of ZrO 2 can be interpreted by the following mechanism. In general, the surface charges on ZrO 2 are considered to be negative [29] [30] [31] when they are soaked in a solution of pH 7.4. The negatively charged surface can attract calcium ions from the SBF solution to its surface and this process is believed to initiate the growth of bone-like apatite on the surface of biocompatible implants [32] . The charge densities of the particles are determined by its size. It has been reported that finer nano-crystalline particles have higher surface charge densities than larger ones [33] . As discussed in section 3.1, the ZrO 2 thin film fabricated at the higher substrate temperature comprises finer crystallites, and as a result, the ZrO 2 thin film prepared at a higher substrate temperature is more bioactive. The experimental results corroborate our previous opinion that a nano-structured surface is crucial to the growth of bone-like apatite [29] .
Dielectric properties
As another potential application of ZrO 2 is the high-k gate dielectric in deep submicrometre microelectronic devices, the dielectric properties of the materials have also been investigated in this work. The interfacial characteristics between a gate dielectric and Si are one of the most crucial issues affecting the performance of metal oxide silicon field effect transistors (MOSFETs), and even a very thin interlayer of low-k material will significantly degrade the electrical properties, especially for deep submicrometre devices [34] . Thus, how to control the interfacial layer between the dielectric thin film and Si substrate is of paramount importance to the microelectronics industry. Here, we focus on the improvement of the interfacial characteristics of the ZrO 2 /Si system by using a sample bias during deposition. The FTIR spectra of the ZrO 2 thin films deposited at 823 K under different biases from 0 to −300 V are displayed in figure 7 . In addition to the strong absorption bands near 610, 500 and 410 cm −1 corresponding to the Zr-O vibrational modes [35, 36] , three weak absorption peaks at around 720, 800 and 1080 cm −1 can be observed for lower substrate biases such as 0 and −100 V. The first one can be attributed to Zr-O-Si stretches and the others are related to Si-O vibrations [37] . The presence of these peaks implies the formation of a transition layer encompassing Zr, O and Si at lower substrate biasing. It should be noted that the intensity of the Zr-O-Si and Si-O absorption peaks decreases as the substrate bias goes up. In particular, these absorption peaks disappear from the sample deposited at a substrate bias of −300 V, suggesting that the interfacial structure of the ZrO 2 /Si system can be modulated by substrate biasing.
The cross-sectional TEM images of the ZrO 2 /interfacial layer/Si gate stacks are given in figures 8(a) (0 V) and (b) (−300 V). It can be seen that the interfacial structure is affected by bias assistance. There exists an amorphous layer with a thickness of about 3 nm when no bias is applied. However, it is no longer the case in the sample fabricated under a bias of −300 V. As shown in figure 8(b) , the amorphous interlayer almost disappears and only a thin dislocated layer can be detected. Hence, a higher substrate bias is beneficial to the structural integrity between the ZrO 2 film and the Si substrate. Consequently, the interfacial layer with low permittivity can be suppressed and the order degree of the thin films can be improved.
The dependence of the relative dielectric constant on the substrate bias is shown in figure 9 . The permittivity of the thin film fabricated with a 0 V bias is about 22, which is close to that of the conventional thin films [38] . Enhanced dielectric properties are achieved from the sample prepared with a substrate bias of −300 V and its permittivity is around 53, which is significantly higher than the values reported elsewhere [39] . It is well known that the dielectric properties of the thin films strongly depend on the filmsubstrate interface characteristics, the nature of the substrate and electrode materials, the fabrication method and the microstructure [40] . Based on our FTIR and TEM data, improved interface characteristics including the permittivity are achieved by means of a sample bias.
Conclusion
Tetragonal ZrO 2 thin films have been produced on silicon wafers using a Zr filtered cathodic arc plasma source in the presence of an oxygen plasma. Optimal control of the processing parameters such as substrate temperature and bias yields films with better characteristics and properties. This process is an effective method to synthesize nano-structural films. In vitro studies indicate that the ZrO 2 thin films are able to induce the growth of bone-like apatite on their surface and the ability is improved as the substrate temperature increases. The enhanced bioactivity of the ZrO 2 thin film stems from the nano-structural particles in the films as a higher substrate temperature leads to the formation of finer crystal particles. Although the substrate temperature does not appear to affect the ZrO 2 /Si interface, the interfacial characteristics and permittivity can be improved by a higher substrate bias. A high permittivity of 53 is achieved for a sample bias of −300 V. Our results show that in plasma-assisted cathodic arc deposition, optimization of the deposition parameters is very important.
